Purpose: Much knowledge has been collected over the past 20 years about light scattering in the eye-in particular in the eye lens-and its visual effect, called straylight. It is the purpose of this review to discuss how these insights can be applied to understanding the slit lamp image. Results: The slit lamp image mainly results from back scattering, whereas the effects on vision result mainly from forward scatter. Forward scatter originates from particles of about wavelength size distributed throughout the lens. Most of the slit lamp image originates from small particle scatter (Rayleigh scatter). For a population of middle aged lenses it will be shown that both these scatter components remove around 10% of the light from the direct beam. For slit lamp observation close to the reflection angles, zones of discontinuity (Wasserspalten) at anterior and posterior parts of the lens show up as rough surface reflections. All these light scatter effects increase with age, but the correlations with age, and also between the different components, are weak. For retro-illumination imaging it will be argued that the density or opacity seen in areas of cortical or posterior subcapsular cataract show up because of light scattering, not because of light loss. Notes: (1) Light scatter must not be confused with aberrations. Light penetrating the eye is divided into two parts: a relatively small part is scattered, and removed from the direct beam. Most of the light is not scattered, but continues as the direct beam. This non-scattered part is the basis for functional imaging, but its quality is under the control of aberrations. Aberrations deflect light mainly over small angles (<1°), whereas light scatter is important because of the straylight effects over large angles (>1°), causing problems like glare and hazy vision. (2) The slit lamp image in older lenses and nuclear cataract is strongly influenced by absorption. However, this effect is greatly exaggerated by the light path lengths concerned. This obviates proper judgement of the functional importance of absorption, and hinders the appreciation of the Rayleigh nature of what is seen in the slit lamp image.
Basic physics of light entering the eye
Light -matter interaction When light enters the eye, its transportation through the ocular media is by no means trivial. From basic physics on the interaction between light and matter we know that light is an electromagnetic radiation, and that it excites matter, which then starts functioning as an emitter of light itself. The most well-known effect is the blue light of the sky ( Figure 1 ). In the case of natural light (light with all polarisation directions), this emission takes place in all directions. Figure 2 gives the precise angular distribution of this emission for a small piece of matter (red). So, starting with the cornea and all subsequent eye media, the eye media basically emit light. However, in the case of very homogeneous matter, like glass or water, the emitted light interferes destructively in most directions. In precise backward directions only a small percentage is what we call reflected, giving rise to the Purkinje images in the case of the eye. Most of the light is transmitted in forward direction, but with somewhat different velocity due to this reemission process. This difference in velocity is translated into a difference in refractive index, and that is the measure used to describe how the light path continues into the eye.
Rayleigh -basic scattering
We are all well acquainted with this basic process of excitation and reemission by what we see around us ( Figure 1 ). The blue of the sky is the classic example. The rays of the sun transgress the air overhead us and excite the air molecules, which then function as light emitters, sending light in all directions. That is why we see the blue of the sky all over the sky. From Figure 2 we can gather that the intensity has a weak minimum at right angles to the direction of the sun's rays. This minimum is caused by the fact that re-emission only takes place at right angles to the direction of polarisation. The sun emits light of all polarisation directions, but the axis of polarisation is always perpendicular to the direction of the light ray. So, at right angles to the light ray only half of the polarisations contribute. Indeed, if we use Polaroid sunglasses to look at the sky, we can clearly see a dark band in the blue of the sky. This basic process was quantitatively formulated by John William Strutt (the later Lord Rayleigh) in a series of papers up to the year 1900 as follows:
with I 0 and I incident and scattered intensity respectively, h scatter angle, k the wavelength of the light, n and a refractive index and radius of the particle respectively, and R added for future convenience. R(h) 1 for particles small compared to wavelength, the classic Rayleigh condition. The term (1 + cos 2 h)/2 is called the natural light correction because natural light has all polarisation directions. When 1 is integrated over full angular space one gets the total amount of light scattered expressed as scattering cross section r s :
Q is the fraction of the light falling on the geometrical cross section pa 2 of the particle that is scattered. These equations show the well-known strong wavelength Figure 1 . Most of what we see, we see because of light scattering. Opaque objects (the beach, the trees) are seen because multiple scattering in superficial layers result in back scatter. The transparent air in the sky is seen because of scattering in all directions with strong short wavelength (blue) dominance.
: : P2 P1 T= P1+ P2 Figure 2 . Rayleigh scattering. Natural light (coming from the left) contains polarisations in all directions perpendicular to the direction of propagation. No scattering of light takes place in the direction of polarisation. So, light polarised perpendicular to the plane of the drawing (P1) is scattered equally strongly in all directions in the plane of the drawing (dotted circle). Light polarised in the plane of the drawing (P2) does not scatter in vertical direction (two-lobed dotted line). Both components sum up to the continuous line (T = P1 + P2) giving total scatter for natural light.
dependence of small particle scattering, causing the intense blue of the sky. They also show that the scattering efficiency Q is very strongly dependent on particle size, relative to wavelength, as expressed by the term 2pa/k. The quantity x = 2pa/k plays a pivotal role in scattering theory. For particles as small as air molecules this term is extremely small. Otherwise the air would be opaque.
As result of these relationships, with the sun at its zenith (vertically above our head) the atmosphere scatters about 30% of the sun's light at 400 nm and about 7% at 600 nm before it reaches our eye. At sunset the atmospheric layer between our eyes and the sun is about 40 times longer. This means that direct 400 nm light is weakened by a factor 0.70 40 , so virtually none of the 400 nm light is left. For 600 nm weakening would be 0.93 40 = 0.055. So, scatter causes a strong spectral filtering, with the deep red colour of the sun at sunset as result. The blue of the sky is but one example of excitation and re-emission that we see in the world around us. Another example is the light scattering by clouds. The cloud particles are much larger than wavelength, causing scattering to be virtually independent from wavelength, which is why the clouds are white.
Eye media as scattering system
For a discussion of the eye media, relatively simple systems will be used that can be considered intermediate cases, when matter neither consists of independent small particles (molecules), nor a homogeneous material like pure water, but a combination of both. In the case of the eye media, in particular the cornea and the lens, we do have rather homogenous materials, though not perfectly homogeneous. The light is basically scattered as explained above, but due to the near-homogeneity the scattered light is quenched to a large extent because of destructive interference. In fact only the irregularities in those media structures need be considered, such as the collagen fibrils in the cornea and the lens proteins, relative to the near-water matrix they are embedded in. It must be noted that there are few mitochondria and other large intracellular organelles in the lens, and those present are hidden behind the iris so as not to scatter light. The older, more central lens fibres lose their intracellular organelles. As an approximation, it is normally assumed that we only need to consider first, a change in wavelength when light penetrates into the eye and second, scattering by irregularities with respect to the near-water matrix.
Slit lamp image and Rayleigh scatter
Transparency of the eye media It was realised quite some time ago that the optical quality of the eye, and particularly the cornea and lens, was no trivial matter. Maurice's classic 1957 paper 'The structure and transparency of the cornea' 1 suggested that the collagen fibrils would scatter 94% of the light if they were acting independently, and the cornea would be nearly opaque. He argued that regular ordering of the fibrils, according a kind of crystalline structure, caused destructive interference, giving the cornea its transparency. In Trokel's 1962 paper 'The physical basis for transparency of the crystalline lens' 2 he pointed out that the same holds for the protein molecules of the lens, and argued that the high concentration of protein causes spatial ordering approaching a paracrystalline state.
Those studies used morphological and biochemical knowledge about the eye media. Important further studies are from the groups of Benedek and Thurston, 3, 4 Bettelheim, 5, 6 Tardieu and Delaye, 7 McCally and Farrell, 8 and Meek.
9,10 The relationship with functional in vivo straylight measurements was not made. Our own work has been to study the functional aspects of light scattering. We wanted to understand forward light scattering (light scattered from the cornea and lens towards the retina), as it results in the visual effect of straylight. We also wanted to know the relationship of forward light scattering/straylight to backward light scattering, which is the light scattering seen in the slit lamp. To this purpose we set out to measure light scattering from human eye lenses, combining in one measurement forward and backward directions. Figure 3 shows the set-up.
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Lenticular scatter data and Rayleigh scattering
The middle part of Figure 3 shows schematically the cuvette with the human eye lens, and the angles of measurement. The angles were chosen in symmetrical pairs with respect to 90°: 140°to 40°, 152°to 28°, 165°to 15°, and additionally 10°. This choice was made to enable sensitive testing for potential Rayleigh type of scattering. Figure 2 shows that these pairs should give identical values in the case of Rayleigh scattering. This comparison is of additional interest because it would link directly the functional (forward; towards the retina) scatter, and the slit lamp observation (backward scatter). The measurements were moreover done at four wavelengths: 400, 500, 602, and 700 nm. A problem arises because part of the light is absorbed, especially at the shorter wavelength. To tackle this problem, first for each wavelength total light transmission was measured, and corrections were made according to the length of the light path for each condition. Because corrections were often huge for 400 nm, causing inaccuracy, the 400 nm data were excluded from use for much of the analysis. Results are presented in terms of the point spread function (PSF), properly normalised (the integral of the PSF over solid angle is unity), to enable direct comparison with the functional in vivo PSF. The PSF is defined as the amount of light per unit of solid angle (the steradian). The PSF of the normal eye is strongly peaked forwards towards the retina. It has a value of about 10 7 in the direction h = 0°. Results are shown in Figure 4 for the longer three wavelengths. It gives the comparison between 140°and 40°. It can be seen that the identity (y = x), expected according the Rayleigh pattern shown in Figure 2 , is followed by most of the lenses. The same data was used to test the wavelength dependence to be expected for Rayleigh type of scattering. This is shown in Figure 5 for the comparison between 500 and 700 nm at the 140°scatter angle. Figure 5 shows that the data follow the difference in scatter according the Rayleigh prediction: 1/k 4 = > 0.58 log unit difference (log(700/ 500) 4 = log3.84 = 0.58).
The slit lamp image and Rayleigh scattering Figure 6 shows for reference the LOCS III system for categorising and grading cataracts. 12 The upper row gives slit 21 The figure is adapted from an earlier paper. 11 At the bottom, slit lamp photos are added for a 10 9 0.2 mm slit as lamp images, showing optical sections of both cornea and lens. In those images the lens shows strong colour effects. For lower grades a bluish colour is seen at the anterior side, changing into a strong yellow colour for higher grades at the posterior side. The yellow colour for grades N4-N6 is so clear that it may be hard to believe that the light we are looking at derives from Rayleigh scattering. Yet also in these images this can somewhat be appreciated. In all cases the yellow colouring is not present at the anterior part of the lens, and only develops with increasing depth. Data from literature shows that the colouring effect of the yellow pigment can easily overwhelm the basic colour of Rayleigh scatter. For example: at 400 nm the absorptive effect over full lens depth is usually 1 log unit or more, starting at young age. 13 What we see in the slit lamp image on the posterior side is light that has travelled twice (forwards and backwards) through the lens, partly at oblique angles. So, the attenuation more than doubles, and is more than 2 log units. If we compare Rayleigh scatter at 400 nm to that from the middle of the Most lenses oblige. Three lenses (points below the y = x line) show some deviation from Rayleigh behaviour. In those three cases the larger particle component (strong forward scatter) was relatively strong compared to the Rayleigh component, and intrude at 40°. The figure suggests that at 140°( backward; slit lamp angle) rather pure Rayleigh behaviour may dominate. visual spectrum (550 nm), the difference is log(550/ 400) 4 = log3.57 = 0.55 log units. So, the absorptive effects on colour easily dwarf the colour of the basic effect of light scattering we see at the slit lamp.
However, what about really young lenses, with little absorptive effects? One would expect these to be more clearly bluish over a large part of the lens. However, this is not easily seen because young lenses appear dark on slit lamp observation, as the left-most example in the first row of Figure 6 . The light intensity and recording sensitivity of a normal (photo) slit lamp is not designed to visualize very clear young lenses. In order to visualize the weak backscattered light of young lenses one needs to overexpose. This is shown in Figure 7 . To the left is the slit lamp image for a 16-year-old eye with normal exposure, and to the right with overexposure. The typical blue colour we know from the sky can be seen.
Eye media transparency achievement
What about the absolute amounts of light scattered we found, in relation to the above mentioned ideas on transparency achievement of the eye media? Figures 4 and 5 show that the PSF has values around 0.01 for 140°, which means that at this angle 1% of the light is scattered per steradian. How does this experimental result relate to the above mentioned theory, predicting light scattering from (protein) particles?
For this we use the data of Tardieu and Delaye who studied the quenching effect of destructive interference for calf lenses.
14 They estimated at a wavelength of 500 nm 12% scatter in total for a protein concentration of 0.12 g mL À1 , reducing to 3% scatter in total for a protein concentration of 0.4 g mL À1 . From their Figure 6 one can derive that without quenching these values would have been 30% and 69% respectively. 14 If we assume for the human eye lens 4 mm thickness instead of the 10 mm of calf lenses, and the same 0.4 g mL À1 concentration, we get an expected 1À0. 31 4/10 = 37% of light scattered by human eye lenses. So, Figures 4 and 5 show us the efficiency of spatial order in human eye lenses to suppress light scattering. In the clinic those same intensities are viewed with slit lamp observation, and the conclusion must be that slit lamp observation shows us the scatter suppression effect of destructive interference. However, this only relates to the Rayleigh component of light scattering, and as we will see this component may not be very important for functional vision.
Maurice measured backscatter for healthy human corneas over backward half space, and found 0.1% for red light and 0.3% for blue light. 1 Considering that the cornea is much thinner than the lens, these values correspond more or less to those of the lens as reported presently, including the Rayleigh type of wavelength dependence. This is in agreement with slit lamp observation, showing both cornea and anterior side of the lens to be blueish at about the same intensity.
Other studies also looked at backscatter quantitatively, but without spectral definition, which makes them harder to interpret. Allen and Vos, 15 using calibrated black and white photographic film, found around 0.5% backscatter for the cornea. For total scatter from lens and cornea they report 1% at 20 years of age, rising to around 4% at 80 years of age with quite some variation. Weale reported about the same values for the lens. 16 With crossed polarisers he moreover studied the ratio between randomly backscattered and reflected light. For clinical work, the importance of quantitative standardisation has been stressed, but the results cannot be compared with the present results, as they are not defined in percentage back scatter. 17 
Forward light scatter
Strength and wavelength dependence Figure 8 shows the comparison between light scatter at 10°( horizontal axis) with that at 140°(vertical axis). These data are from the same study as Figures 4 and 5. It is immediately clear that forward light scatter (at 10°) is much stronger than backward light scatter (at 140°), and that the two are not very precisely related. Figure 9 shows that the wavelength dependence of this forward scatter (at 10°) does not follow that shown by Rayleigh scattering, nor is it spectrally neutral as for large particles, but somewhat in between. From physical light scattering theory it is clear that particles of intermediate size must be responsible. We fitted the complete set of data (three wavelengths and seven angles) with light scattering theory and found a perfect match for a combination of (1) particles much smaller than wavelength, and (2) particles of about 0.7 lm radius. For the particles of intermediate size we used the so-called Rayleigh-Gans approximation 18 assuming the particles to be protein aggregates as indicated by the biochemical studies mentioned above. However, Costello et al. found so called multilamellar bodies, and showed that these are good alternative candidates.
19,20 Figure 10 shows an example of the fit result for one lens of a 50-year-old donor, adapted from an earlier publication. 21 
Significance of light scattering for visual function
Straylight and glare concepts Starting in the early 1900s studies have accumulated showing that the visual problem of glare derives from the optical phenomenon of light scattering in the eye. 22 Light scattering causes a veil of light superposed over the image seen. This veil can be quantified with its visual intensity according photometric principles as equivalent luminance in cd m À2 (Leq). Depending on the intensity of the light veil, vision is weakened or lost. The optical quality of the eye is comprehensively defined by means of the PSF. The PSF is often defined only for a very small central portion, say up to 20 min of arc, and with the peak set equal to one. For a discussion of visual significance it must be defined more fully, and functionally, that is as the light spreading affecting vision. The peripheral part of the PSF, for angles larger than 1°, derives from light scattering. It can be defined as Leq/Ebl, where Ebl is the illuminance on the eye from the point source. Using this definition, the PSF is properly normalised. The peripheral part is called straylight, and psychophysical techniques have been designed for its clinical measurement. [23] [24] [25] [26] [27] [28] [29] [30] Ginis et al. also designed an optical approach, 31 avoiding problems of the double pass technique. 32, 33 Since the PSF is approximately shape invariant above 1°, one parameter suffices to describe it, called the straylight parameter. It is defined as
where h is the visual angle. In normal eyes on average the following approximate relation with age applies:
A clinical instrument exists to measure this quantity, the C-Quant (www.oculus.de), based on a psychophysical technique including quality control. 30, 34 Because the phenomenon of glare precisely corresponds with straylight, the International Commission on Illumination (CIE) decided that glare must be quantified with straylight. 22 The CIE also defined age norms for glare/straylight by means of the PSF. 30, 35 Straylight as part of the point spread function Figure 11 shows the PSF in comparison to light scattering results and is adapted from a recent publication in the present journal. 36 The black line gives the normal CIE PSF function. It is compared to the light scattering results just described for two of the lenses. The light green lines are for the (normally aged) lens of the present Figure 10 . The dark green lines are for the densest lens of the respective study. 21 The virtually horizontal lines describe the Rayleigh component, and the curved lines describe the intermediate particle size component, both for the middle of the visual spectrum. The red line gives the effect of (small) aberrations normal in healthy eyes, affecting only the central portion of the PSF. The aberrations were modelled according to the model of Thibos, Applegate et al.
37,38
If we consider the periphery of the PSF, it is clear that a near perfect correspondence exists for the normal eye between the light scatter results in vitro and the in vivo straylight results. It is also clear that the Rayleigh component is of little significance for this aspect of visual function. The dark green line shows that increased light scattering in a cataractous lens can give a strong elevation to the peripheral part of the PSF, in accordance with psychophysical straylight assessment in cataract. 39, 40 In studies of normal ageing and with different morphological types of cataract, it was found that the angular dependence of straylight does not change much. 41 This was implemented in the CIE PSF model with an age parameter. Using this result to model scattering, cataract can be modelled as increased ageing. The grey line in Figure 11 was obtained with the age parameter set to 110 years although it should be noted that this condition is rather extreme as normally such cataract would have been treated with surgery. 40 Scatter diagrams for the lens Figure 12 shows the complete light scattering diagram for the lens of Figure 10 as it is normally given in light scattering studies in physics. Figure 12a gives the full scatter diagram. This presentation makes it very clear how strongly light scattering is in the forward direction. Yet, at the precise zero direction, it is feeble compared to the main PSF peak, as can be seen in Figure 11 . The PSF peak is so narrow, and so huge in comparison, that it cannot be shown in a presentation like that of Figure 12 . To show the relation with the backward/Rayleigh scattering we see in the slit lamp, Figure 12b ,c give magnifications of Figure 12a by 109 and 1009 respectively. The backward/slit lamp intensity is by comparison very low, and one might think that the total amount scattered by the small particles is much less than the total amount scattered by the intermediate particles. However, this is not the case.
Light transmission and extinction
At this point we must clarify some notions related to light transmission into the eye. In discussions of cataract sometimes words like density or opacity are used. Optical density or OD is defined as log(Iincident/Itransmitted), or 109 that amount, in which case it is called dB (decibel). For example, for a transmission of 5% optical density is 1.3 or 13 dB. It is often assumed that the cataract density or opacity reduces the light entering the eye. We will ignore light loss due to yellow pigments for the present, and consider whether scattered light significantly reduces light entering the eye.
In studies on eye media transmission, the importance of light scattering was realized already by Boettner and Wolter in 1962, and a distinction between direct transmittance and total transmittance was made. 42 In practice, direct transmittance includes light scattered over acceptance angle, which had a diameter of about 2°. 42 To calculate the more precisely defined fraction removed from the direct beam by light scattering (extinction), we need to integrate the diagrams of Figure 12 over the full 4p of solid angle. For Rayleigh scattering this is 8p/3 times the value in the 0°or 180°d
irections. For the non-Rayleigh component this must be done numerically. However, a correction had to be made. Light scatter results are given relative to the amount of incident light. This amount is usually estimated by measuring the total amount of light in the forward transmitted peak. An acceptance angle of 2°would be considered to catch in most cases virtually all of the light in a normal PSF, but this is not precise as indicated above.
The results are given in Figure 13 . Results for three lenses are indicated with numbers 1-3. Figure 10 comes from Lens 1. We see that extinction in this group of lenses (43-82 years of age) is around 10% for both the Rayleigh component and the forward component. However the retinal light level would reduce by much less than 2 9 10%, since most of the light is scattered towards the retina. For the Rayleigh component half of the scattering is towards the retina, and for the non-Rayleigh component almost all. So, respectively. So, the densest lens can be estimated to reduce the direct light significantly (by about 77%) on the basis of light scattering. The total amount of light entering the eye changes by only 22% because most of the light scattering is in the forward direction. As is the case for the other lenses, this would visually not be an important effect. The contrast reduction in the retinal image would be important though, and can be estimated to be about 0.23/0.78 = 0.29, or 0.53 log units for this example. As mentioned above however, the straylight level of this lens is seldom encountered in the Western world. 40 If we apply this calculation to another extreme (Lens 3, with forward extinction 0.21 and Rayleigh extinction 0.03) we arrive at a contrast loss of 0.75/0.98 = 0.77 or 0.11 log units. This discussion underlines that for a proper appreciation of the functional effect of light scattering, we must not consider solely the intensity of the scattered light. Instead, we must consider the ratio between that intensity and the amount of light in the direct beam. As it happens, often this is automatically guaranteed by the experimental setting. In vitro, as well as in vivo (psychophysical straylight), the scattered light is measured by comparison to direct light. Relevance for this has been discussed. 43 
Local variations in the eye lens
Lens layering
Upon slit lamp observation of the human eye lens, clear local variation can be seen, such as to distinguish the nucleus from the cortex, and a many-layered structure throughout the lens. 44 Indeed, the back scattering data also show differences as function of location, as do the forward scattering data. Figure 14 gives an example for 140°scatter angle, comparing the centre of the lens (horizontally), with the anterior part at 20% depth (vertically). Differences around 0.1 log unit (25%) in intensity of back scatter show up in this figure. This may seem little, but such difference is easily seen by the human observer. Although scatter intensities may differ over lens depth, the Rayleigh nature of back scatter was found to be present all over the lens, as was the non-Rayleigh nature of forward scatter (not illustrated).
Zones of discontinuity or Wasserspalten
More important differences as a function of depth are found if we look at more closely backward directions. Figure 15 shows results for the same depths as Figure 14 , that is, at the centre (horizontally), vs 20% depth (vertically), but for the 165°scatter angle. At 20% depth, backward scatter is clearly more intense, but quite variably so. If we look at this behaviour in detail, we find that it corresponds with the so called zones of discontinuity. 44, 45 These zones are also clearly seen in the first row of the Lens Opacity Classification System (LOCS) chart reproduced in Figure 6 . It was found that the additional backscatter at this angle (in addition to the Rayleigh scatter), is spectrally neutral, and rises sharply for more close backward angles. This corresponds to the general belief that those zones are discontinuities between layers of lens fibres and watery layers, hence 
PSF (1/sr)
Visual angle (°) Figure 11 . Model PSF of the human eye for a normal case and a case with increased light scatter (black and grey respectively), compared to the two major optical phenomena, total aberration (red), and lens light scatter (green). The scatter is broken down in the Rayleigh component (dashed) and in the non-Rayleigh component (continuous). The PSF models are according the CIE standard for the effects of scatter (glare) on the PSF, mainly based on psychophysics. 35 The green lines are from in vitro measurements on donor eye lenses. The red line is based on the aberration model of Thibos et al.
for normal eyes. 37, 38 The black and light green lines are for the young normal condition, the grey and dark green lines are for a cataractous condition.
The scatter (>1°) part of the PSF contains also contributions from the cornea, and other parts of the eye, making it a bit higher.
the name Wasserspalten in German, 44 waterclefts in English. If those layers would be parallel to the surface of the lens, they would give the same kind of reflection as seen with the Purkinje images. They seem to be more irregular surfaces though. In some applications the wording rough surface reflection is used for a comparable phenomenon. In slit lamp observation it is well know that the Wasserspalten show up stronger if one approaches the reflection angles, that is if the angles of illumination and observation are symmetrical with respect to the normal to the surface. Figure 16 is the same as Figure 10 , but now for 20% depth instead of the centre of the lens. The coloured line segments indicate the deviation from Rayleigh caused by this back scatter component. The deviations from Rayleigh at the steep backward directions seem to be strongest for 700 nm, but it must be realized that this is relative because of the logarithmic scale. Because Rayleigh is weakest at 700 nm, this spectrally neutral component shows up strongest at that wavelength. In absolute values the 700 nm addition is equal to those at the other wavelengths.
The fraction of light reflected at a jump in index of refraction from n1 to n2 strongly depends on the n1Àn2 difference according to R = [(n1Àn2)/(n1 + n2)] 2 for beam incidence normal to the surface. Let us use the values at the surfaces of the lens: n1 = 1.3376 to n2 = 1.38 and v.v., 46 and reflectivity is about R = 0.00024. This seems an extremely low value, also if compared to the diffuse reflectivity from Rayleigh scattering. If we take as example 10% Rayleigh scatter, then reflectivity would be 5%. In a normal viewing situation (Figure 1 ) a 5% reflecting surface would be perceived as dark as coal. The angular distribution of the reflected light is very important for the intensity seen. Figure 16 shows that at 165°both reflections are of about the same value. This can be understood because the light reflected from the Wasserspalten is concentrated in a narrow cone. If we assume a cone with radius 15°, its solid angle would be 0.22 steradian, and the light concentrated by a factor 30 compared to the spreading over 2p steradian for diffuse light.
Cortical and posterior subcapsular (PS) cataract and posterior capsular opacification (PCO)
Rows two and three of the LOCS chart ( Figure 6) show the appearance of cortical and PS cataracts in retro-illumination images. These images show the cataracts as grey areas against the orange glow of the fundus, which may suggest that these cataracts reduce the amount of light. It might be thought that they contain absorptive pigments. The same may be the case for PCO. However, studies on all these types of cataracts showed strong straylight effects. 23, 39, 41, 47, 48 Moreover, an in vitro study on PCO showed corresponding light scattering effects, 49 and another study showed that the light scattering effects explained the perceived reduction of the light. 50 This is illustrated in Figure 17 from the same paper. The light scattering by PCO is more complicated though than described above for the crystalline lens, as it includes both a forward scatter component, and a refractive component, deflecting the light to smaller angles, as might be expected. 49, 50 A comparable study for cortical or PS cataract has not been performed. However, the darkening seen in the respective retro-illumination images is also not thought to be due to light absorption. If we realise that the acceptance angle of the camera or microscope used to observe the retro-illumination image in the clinic is of limited size (about 2°to 5°in radius), we can appreciate the perceived light reduction effect. The amount of light scattered over angles larger than 2°to 5°is lost to the clinician, and so, an area that scatters light relatively strongly will appear darker. The counterpart of this argument is that, if a camera with a larger acceptance angle would be used, the cataracts would show less pronounced in retro-illumination.
To evaluate this argument quantitatively we need to speculate somewhat because of the rather localised nature of these cataracts. The above studies found straylight elevations up to a factor of about 10. Pre-surgery straylight values were on average log(s) = 1.55 in a recent YAG laser capsulotomy study, 51 as well as in a recent cataract surgery study, 40 compared to log(s) = 0.9 in the young normal eye. 30 The value of 1.55 corresponds to an equivalent age of 89 years according the above given formula. If we analyse the scatter diagram of the lens best fitting to this value of 1.55 (Lens 3 in Figure 13 ) we find that 18% (for 5°) or 13% (for 10°) is lost by scattering. However, we need to consider that in these cataracts only part of the pupil opening is usually covered by the cataract. If we assume that half of the pupil surface is covered, then we must multiply these values by two. These considerations suggest that scattering is an important factor in the seeming light weakening effect seen in the retro-illumination images of these cataracts. Since the scattering is mainly in forward directions, also these cataracts have little effect on the overall light level at the retina. One might also consider reflective effects from refractive index jumps surrounding cataractous areas. However, the discussion at the end of the section on Wasserspalten suggests that such reflectivity effects are unimportant to reduce light intensity.
Aberrations and surfaces
As stressed above, the present paper does not discuss aberrations. Aberrations as they are typically assessed clinically derive from a physically rather different phenomenon. They depend on refractive index variations over large scale compared to light scattering. Sampling scale in aberrometry typically is 0.2 mm, whereas forward scattering derives from micrometre scale particles. Aberrations have effect over much smaller visual angles, and affect the central peak of the PSF only ( Figure 11) .
Light scatter must not be confused with aberrations. Light penetrating the eye is divided into two parts: a relatively small part is scattered, and removed from the direct beam. Most of the light is not scattered, but continues as the direct beam. This non-scattered part is the basis for functional imaging, but its quality is under the control of aberrations. Aberrations deflect light mainly over small angles (<1°), whereas light scatter is important because of the straylight effects over large angles (>1°), causing problems like glare and hazy vision. Aberrations can be counteracted by adaptive optics, whereas scattering cannot. For an interesting early study on adaptive optics the reader is referred to Miller et al., 52 and for the start of recent developments in this field to Williams, Liang and Roorda et al. 53, 54 One may wonder what effect the Wasserspalten have in forward directions. Since their light scattering spreads in backward directions over more than 10°, it may be thought that they also cause considerable light spreading in forward directions. However, in backward directions the scatter angles are dictated by the process of reflection. In that case, Figure 15 . Same as Figure 14 , but for 165°scatter angle (backward, closest to the reflection angle of 180°). Horizontally, results are given for the middle of the lens, and vertically for 20% depth (anterior part of the lens). Much stronger differences are seen in favor of the anterior location in the lens. The same holds for the location at 80% depth (posterior; not shown). At these locations the phenomenon of zones of discontinuity, or Waserspalten, occurs, which has been described to be reflective in nature. 44 The angular dependence as well as the wavelength dependence of the light scatter measurements confirm this (rough surface reflection).
scatter angle twice the full angular difference between incident ray and reflecting surface (À180°) applies. In forward directions on the other hand, Snell's law applies leading to a change of angle of 5% or less of the difference in angle between refracting surface and incident beam (À90°). So, in forward directions the deflection angle is more than 409 less as compared to backward directions and is very small, so that it falls in the central peak of the PSF, governed by aberrations. Another example is the (rough) anterior surface of the lens. Its orange peel surface causes the third Purkinje image to be quite blurred, but its consequence for the retinal image is small because of an estimated difference in index of refraction of 1.3376 to 1.38. 46 Using these figures, one arrives at 3% change of angle.
At the front of the cornea, the eye has one more such rough surface, the front of the epithelium. This surface can become functionally very important if the tear film is lacking, because of a much larger jump in index of refraction. The associated aberrations are different from those normally considered and have been elegantly coined micro-aberrations by Thibos et al. 55 The effect of a dry eye on the central peak of the PSF can be quite strong. 55 Of course the normal aberrations, with their larger spatial scales, dominate the PSF peak in most cases, including cataracts. [56] [57] [58] One might wonder whether a correlation exists between aberrations and the light scattering in case of cataracts or other conditions of the eye. A recent paper in the present journal reviewed this question and concluded that the two phenomena are quite independent. 36 Large population studies have shown little statistical correlation to exist between visual acuity and straylight in cataracts and corneal conditions. 24, 40, [59] [60] [61] [62] [63] [64] Theoretical and methodological underpinning was given. 36 
Absorption and fluorescence
Absorption
The optical section slit lamp image of the human eye lens shows the increased absorption of the lens with age and nuclear cataract (see the first row of Figure 6 ). It must be realised though that the intensity of colouration seen in the slit lamp is much stronger compared to that experienced by the eye itself. As mentioned above, the difference is more than a factor 2 in density. One can appreciate the difference by looking at the colour at less than half the lens depth in Figure 6 . The eye experiences that kind of colouration, not the colouration seen at the posterior side of the slit lamp image. The cornea seems to lack absorption in the visual range of wavelengths; it only scatters light. 42, 65 Thorough studies have illuminated the spectral characteristics of lens absorption. 13, 42, 66 Using the very precise methods of colorimetry, Pokorny and Smith developed a much used two component model for lens absorption. 66 One component is stable throughout life, being non-zero below 450 nm only, with a density of 1.0 at 400 nm. The other component does increase with age. At 20, 65, and 80 years of age the model gives at the peak of the visual spectrum densities of 0.06, 0.15, and 0.23 respectively, and at 400 nm 1.45, 2.14, and 2.74 respectively. One may conclude that the effect on overall luminosity is limited, but that the effect on colour can be significant. The pigments responsible have been identified. Tryptophan, which is rather independent from age, and two pigments increasing with age, resulting from protein degradation.
67-71
Fluorescence
Those three pigments also have fluorescent effects, with excitation maxima at 290, 370, and 430 nm respectively, and emission maxima at 332, 440, and 500 nm respectively. 69 Many authors have realised that fluorescence may have visual significance. [72] [73] [74] [75] [76] The fluorophores transform short wavelength light of low visual efficiency, to longer wavelength light of much higher visual efficiency. This is called inelastic light scattering, as opposed to elastic light scattering, when no wavelength change and the associated loss of photon energy occurs. However, fluorescent emission is isotropic. The directionality of the light is completely lost. As a result, the fluorescent light is not experienced as coming from the (short wavelength) source, but fills the visual field in a nondescript way. The effect can be experienced when one is exposed to a so-called 'black' light, popular at parties. The lens fluorescence can be compared to scattered light but with angular dependence more similar to that of Rayleigh scattering and in particular the circular component shown in Figure 2 . So, although the light is transformed to more efficient light, it is not useful, and acts as a veiling luminance to reduce the contrast of the image. As for general straylight, the disturbance is conditional and depends on the ratio between the intensities of the straylight source and the visual task. 75 With an adaptation to the in vitro set-up of Figure 3 , lens fluorescence was also measured to assess potential visual effectiveness. 77 For excitation wavelengths 380, 400 and 420 nm, the emission spectrum was determined and compared to spectra from the literature. 74 Quantum efficiency proved to vary from 0.05 (5%) for a 69-year-old lens at 380 nm excitation, to 0.004 (0.4%) for a 22-year-old lens at Figure 17 . In vitro imaging of PCO. The upper image uses direct illumination. A retro-illumination image would look more or less the same. The PCO shows up as grey area, which might suggest the PCO reduces the light by absorption. However, when we look at another angle (lower image), PCO shows up as lighter. This indicates that PCO scatters light. The scattered light is lost from the direct illumination image, hence the darkening in that image. Close scrutiny of the two images reveals a correlation between dark areas/points in the upper, and light areas/points in the lower figure. Picture reproduced from a study by van Bree et al. 50 with permission. Figure 18 . Fluorescence of the eye lens (and other parts of the eye and face), when illuminated with a black light. A black light emits virtually invisible UV light, and is typically known as a party light. In general, protein containing substances show fluorescence. The arc at the bottom of the pupil is the (first) Purkinje reflex of the tube light source.
420 nm excitation. Visual efficiency was calculated using the spectral sensitivity curves for the human eye and retina. As expected, luminous efficiency ratio was much higher. It was a factor of 0.22-0.71 for 420 nm, 2.7-6.8 for 400 nm, and 71-151 for 380 nm. 77, 78 From this result it may seem that fluorescence is visually unimportant from 420 nm upward. However, a more proper appreciation of the visual relevance must include a comparison to the PSF. 78 The relevant question would be at what angle does the isotropic background from fluorescence surpass the peripheral part of the normal PSF? With normal, the above mentioned PSF is meant, including elastic light scattering only. As an example, if one compares the basic CIE PSF (see the black line in Figure 10 ) to isotropic lights with 1009, 109, and 19 its total luminous value, the two would cross at 0.92°, 2.2°, and 6.4°respectively. 78 From such a comparison it follows that the fluorescence generated by 380 nm light surpasses its PSF at about 1°. For 420 nm the crossing point is at about 10°. So, even for 420 nm part of the PSF/straylight is dominated by fluorescence. Hence, we can understand that fluorescence can have a significant impact on glare hindrance. 75 For broad band glare lights, fluorescence is less important. For example, for equal energy light or daylight conditions one can estimate on the basis of the figures above that fluorescence may contribute less than 1% luminosity. So, it may be important for very large angles only.
Other media errors
A multitude of other media disturbances exist that can be better understood using knowledge about light scattering. It is not possible to discuss them all, but a few relevant subjects follow.
Fundus reflectance and eye wall transmittance
Part of the straylight experienced by the young normal eye originates from diffuse reflection from the fundus, 22 and from diffuse transmittance of the eye wall. 79 Both are strongly dependent on the degree of pigmentation of the eye. [79] [80] [81] In case pigmentation is defective, as in albinos or other conditions, straylight elevation can be a serious problem to vision. 82, 83 Cornea Also the cornea contributes significantly to the straylight level in young subjects. 22 With ageing, for normal eyes its contribution remains relatively constant as compared to the contribution of the eye lens. 65 The cornea seems extremely sensitive to straylight elevation depending on condition. To name but a few effects, many studies have shown increased straylight with contact lenses, 30, [84] [85] [86] [87] contact lens induced oedema, 88, 89 and Fuch's dystrophy. [90] [91] [92] As with the crystalline lens, the intensity of back scatter as observed with the slit lamp is not very predictive of forward scatter. 93 McCally and Farrell published a series of thorough studies on light scattering by the cornea, including theoretical predictions. 8 Meek and Knupp recently published an excellent review. 10 
Dot-like or localised opacities
Several conditions exist that can be described as dot-like opacities, such as crystalline corneal dystrophy (Schnyders dystrophy), retrodots and vacuoles in the crystalline lens, Cerulean cataract, Christmas tree cataract, pulverulent congenital cataract, glistenings in implant lenses, laser pits from YAG capsulotomy on implant lenses, Mittendorf's dot, asteroid hyalosis in the vitreous, etc. Such dots may appear very bright and disturbing to the clinician at the slit-lamp. It is often met with surprise that the patients are little bothered, and that visual acuity is well preserved. This can be understood if the (light scattering) effects are considered quantitatively, as discussed earlier (see Figure 9 in van den Berg, Coppens and Franssen). 94, 95 The important quantity to consider is the fraction of light intercepted by the dots. Although the dots can be very bright, their surface is often small, and the total surface occupied may cover only 1% of the pupil opening. Such coverage would lower retinal contrast of a letter chart by 1% maximally. In case the surface covered would be 10%, the slit lamp image would seem terrible, but the scattering would have no effect whatsoever on measured acuity, and very little effect on contrast sensitivity. 36, 94, 96 The straylight effect can be extremely bothersome though. 24, 60 Pseudophakia and implant lenses Cataract extraction and lens implantation have been found to be effective in reducing straylight. 40, [97] [98] [99] This also occurs for so called clear lens extraction for refractive surgery, but now this can be understood because the (normally aged) eye lens scatters significantly. 100 However, the postoperative straylight level does on average not return to the level of the young eye, even if PCO is excluded. 101 It is presently unclear what the precise reasons are for the straylight level in uncompromised pseudophakia. Partly the implant lenses are to blame as it was found by many researchers that implant lenses can scatter light for a variety of reasons, often without much acuity effects, in particular deposits and interocular lens material degradation such as glistenings. [102] [103] [104] [105] [106] [107] [108] Often the problem shows up clearly in the slit lamp image, but not always.
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